To determine mechanisms by which extrinsic innervation to the jejunoileum controls ileal motility.
Summary Background Data
Small bowel transplantation is complicated by diarrhea and delayed gastric emptying, possibly secondary to altered motility. Ileal motility after small bowel transplantation is poorly characterized.
Methods
Motor activity was recorded from four dogs during fasting and after feeding small (64 Kcal) or large (256 Kcal) meals. Shortchain fatty acids known to induce unique ileal motor patterns were administered into the distal ileum during fasting. Dogs were studied before and after jejunoileal denervation simulating autotransplantation.
Results
After jejunoileal denervation, the ileal migrating motor complex (MMC) persisted but was no longer temporally coordinated with duodenal MMCs. Spontaneous giant migrating contractions occurred more frequently after denervation and more commonly originated proximally in the jejunum, but the velocity of migration did not differ. In contrast, the incidence and characteristics of spontaneous discrete clustered contractions (DCCs) did not differ. Short-chain fatty acids reproducibly initiated giant migrating contractions and discrete clustered contractions in the distal ileum without differences before and after denervation. Large but not small meals inhibited the ileal MMC after denervation.
Conclusions
Extrinsic innervation and/or intrinsic neural continuity with the duodenum and/or colon control temporal coordination of ileal motility with the duodenum and modulate postprandial inhibition of fasting motility and presence of giant migrating contractions. These changes in motility patterns may prove important in mediating enteric dysfunction after small bowel transplantation.
Small bowel transplantation (SBT) is now a feasible, realistic alternative for selected patients with intestinal fail-ure. [1] [2] [3] However, immediate postoperative enteric dysfunction, including diarrhea, slowed gastric emptying, and inability to eat, is common after SBT. The pathogenesis of this enteric dysfunction, although poorly understood, is probably multifactorial and related not only to the immunobiology of allotransplantation but also to the pathophysiology necessitated by the transplantation procedure itself. For instance, transplantation also necessitates an ischemia/ reperfusion injury and an obligate denervation, each of which likely alters enteric function.
Our laboratory has been interested in neural control of gastrointestinal motility for many years. 4 -6 We have developed and validated a model of jejunoileal autotransplantation in the dog; 7 we chose the dog because canine small bowel motility is the best and most practical animal model of human intestinal motility. While we have previously investigated changes in gastroduodenal and jejunal 8, 9 motility after this model of autotransplantation, little work has comprehensively studied ileal motor patterns after models of extrinsic denervation and/or SBT. Because the ileum has its own unique set of motor patterns associated with rapid transit, 10 we hypothesized that alterations in ileal motor activity might be important in mediating several aspects of enteric dysfunction after SBT. Interest in ileal function, both motility and absorption, 11 is especially pertinent in terms of living related segmental SBT. 2 Our aim was to determine the roles of extrinsic innervation and enteric neural continuity to the ileum on fasting, postprandial, and unique ileal motor patterns.
METHODS
Surgical procedures and subsequent care and conduct of experiments were performed after approval from the Mayo Institutional Animal Care and Use Committee in accordance with the guidelines of the National Institutes of Health and Public Health Service Policy on the Humane Use and Care of Laboratory Animals.
Four female mongrel dogs (15-20 kg) underwent a twostaged experimental design in which neurally intact dogs were first instrumented with manometric recording devices (stage 1) and then were allowed to recover; baseline motility experiments were then performed. They then underwent a second operation (stage 2) of in situ neural isolation and then were allowed to recover; similar experiments were repeated. Dogs were anesthetized with 12.5 mg/kg intravenous methohexital sodium (Brevital; Eli Lilly & Co., Indianapolis, IN); general anesthesia was maintained thereafter by inhalation of halothane. Postoperatively, dogs were given butorphanol tartrate (Torbugesic; Fort Dodge Animal Health, Ford Dodge, IA) 0.2 to 0.4 mg/kg intramuscularly for 1 day and buprenorphine hydrochloride (Buprenex; Reckitt & Colman Products, Hill, England) 0.01 to 0.02 mg/kg subcutaneously for 2 days for pain control. Dogs were kept fasted and given an intravenous electrolyte solution containing antibiotics for 3 days postoperatively. Dogs were housed in individual cages and fed once daily from the second and third postoperative day in stage 1 and stage 2, respectively. Tap water was supplied freely. Dogs were trained to stand comfortably in a modified Pavlov sling for 8 to 10 hours per day before the start of any experiments.
In stage 1, after midline celiotomy, 12 manometry catheters (OD 1.8 mm, ID 1.0 mm) were implanted chronically into the small bowel to measure small bowel motor activity (intraluminal pressure changes). Three catheters were implanted into the duodenum, two into the jejunum 50 and 200 cm and into the mid-small bowel 300 cm distal to the ligament of Treitz, and six into the distal ileum 20, 25, 30, 50, 70, and 90 cm proximal to the ileocecal junction. These catheters were cemented within two exteriorized stainless steel cannulas embedded in the abdominal wall. After a 2-week recovery, experiments were started.
In stage 2, after completing the control experiments, each dog underwent the second operation of in situ neural isolation of the entire jejunoileum described previously. 7 In brief, this operation involved transection of all neural, lymphatic, and all other connective tissue continuity to the entire jejunoileum except for walls of the superior mesenteric artery and vein, which were stripped of investing adventitia for 2 cm under 2ϫ optical magnification. The most proximal jejunum and distal ileum were transected and reanastomosed by hand-sewn, end-to-end anastomoses. The respective mesenteries were divided and ligated radially from the sites of intestinal transection to the previously isolated superior mesenteric vessels. We specifically did not transect and reanastomose the mesenteric vessels, because we wanted to avoid any confounding effects of ischemia/ reperfusion injury. We validated this preparation as a model of complete extrinsic denervation by showing absence of tissue catecholamines for up to 4 months postoperatively. 7 After a 2-week recovery, the same experiments as after stage 1 were performed and completed within 2 months of the second operation.
After both stage 1 and stage 2, experiments were started in the morning after an overnight fast allowing free access to water. No dog was studied more than four times per week. Dogs were studied while resting comfortably in a Pavlov sling for the duration of each experiment. Manometry catheters were perfused with deionized water (0.1 mL/ min) by a low-compliance perfusion system (using a nitrogen pressure of 10 psi) connected to strain gauge transducers (PX-MK099; Baxter Healthcare Corporation, Irvine, CA), which transmitted intraluminal pressures to an eight-channel Grass recorder (Grass Model 7D Polygraph, Grass Instrument Co., Quincy, MA) using time constants of 1 second. Manometry data were collected simultaneously on an IBM XT computer and sampled at a rate of 4 Hz for later analysis.
In the fasting experiments, motor activity was recorded for at least three complete cycles of ileal and duodenal migrating motor complex (MMC) or for a total of 10 hours per day; fasting experiments were repeated on at least 4 separate days per dog.
In the postprandial experiments, a total of four experiments per dog (two experiments each) were performed after feeding a small pork liver meal (50 g; 64 kcal) or a large meal (200 g; 256 kcal) blended with 50 mL water before and after neural isolation of the jejunoileum. These experiments were carried out only on days when both ileal and duodenal MMCs were present. Meals were given immediately after an ileal phase III was recorded. Postprandial studies were continued until a duodenal MMC appeared again.
In the short-chain fatty acid (SCFA) experiments, the SCFA test solution was given through one of the manometry catheters into the distal ileal lumen 30 cm from the ileocecal junction at least 10 times per dog during the interdigestive state. The SCFA solution was administered as
Ileal Motor Activity After Autotransplantation a 15-mL infusion over 20 seconds as described previously. 12 The solution consisted of 108 mmol/L SCFA (66% acetic acid, 24% propionic acid, 10% butyric acid) with a pH of 6.5 and an osmolality titrated with NaCl to 295 mOsm/L. A placebo control consisted of 15 mL of 154 mmol/L NaCl. These solutions were administered 10 minutes after the ileal MMC and in general repeated in 10minute intervals. The SCFA infusion was considered effective in inducing contractions when the appropriate pattern of contractions occurred within 10 minutes after the injection. 12 Separate infusions were evaluated three to six times per day over several days. SCFA and placebo were not administered on the same day.
Data Analysis
The presence or absence of the MMC was evaluated by visual inspection. Criteria for the four phases of the MMC have been defined previously. 13 The duration of an MMC was assessed as the time between the start of successive phase III contractions at each manometric site separately in the duodenum, jejunum, and ileum. The durations of the individual phases of the MMC (phases I, II, III, and IV) at one manometric site in the duodenum, jejunum, and ileum were also measured. The lag time between the onsets of ileal phase III at the most distal ileal manometry catheter and the closest-occurring duodenal phase III was calculated, as well as the lag time between onsets of duodenal phase III and the closest-occurring jejunal phase III. A positive value for ileal-duodenal and duodenal-jejunal lag times means that the duodenal phase III preceded the ileal phase III or that the duodenal phase III preceded the jejunal phase III, respectively; a negative value means that the ileal phase III preceded the duodenal phase III or that the jejunal phase III preceded the duodenal phase III. The velocity of the MMCs in the jejunum and ileum were also calculated using the times to migrate between two jejunal and three ileal channels, respectively. In an attempt to quantitate the pattern and contractile activity during ileal phase III, the total number of contractions, maximum amplitude, and motility index (MI) during each ileal phase III were quantitated using two separate ileal channels. MI was calculated by computer analysis as the log (sum of amplitudes ϫ frequency of pressure waves ϩ 1); MI, therefore, is a function both of frequency and amplitude of individual contractions.
Spontaneous giant migrating contractions (GMCs) and discrete clustered contractions (DCCs) were recognized by visual inspection according to the criteria of Kruis et al., 10 Siegle et al., 14 and Sarna. 15 During the fasting state, the incidence, velocity of migration, and most proximal site of onset of spontaneous GMCs and DCCs were calculated.
During the fasting state, the incidence of SCFA-induced and placebo-induced GMCs or DCCs was counted. The velocity of migration was also calculated in the ileum.
The duration of inhibition of the ileal MMC after feeding the small and large liver meals was measured. This duration was calculated as the time between the start of feeding and the appearance of the next respective ileal phase III.
Statistical Methods
Mean values of each parameter were calculated on each experimental day, mean values across experiments were obtained in each dog, and finally grand means were calculated across all dogs. Differences before and after jejunoileal neural isolation were compared using the Student t test for paired data, with P Ͻ .05 considered statistically significant. Values in the text are expressed as mean Ϯ SEM.
RESULTS
All dogs remained healthy throughout the study, and no dogs died during the study. After in situ neural isolation of the jejunoileum, all dogs developed a profuse watery diarrhea that persisted for 6 to 10 weeks. Despite this diarrhea, the dogs maintained a voracious appetite, and only one dog lost weight (maximum 8% total body weight).
Interdigestive Motility
In neurally intact dogs, the typical duodenal cyclic MMCs persisted and were coordinated temporally with jejunal and ileal MMCs in an orderly manner. All duodenal MMCs migrated into the jejunum, and all jejunal MMCs migrated into and through all ileal manometric sites (Fig.  1A) . In contrast, in the neurally isolated dogs, although duodenal and jejunoileal MMCs persisted and continued to cycle, the duodenal MMCs were no longer temporally coordinated with jejunal MMCs (see Fig. 1B ). In addition, jejunal MMCs migrated to the terminal ileum only 74 Ϯ 6% of the time (P Ͻ .05 vs. neurally intact dogs). Table 1 shows the characteristics of the duodenal, jejunal, and ileal MMCs before and after in situ neural isolation of the jejunoileum. The mean duration of the MMC did not differ before and after neural isolation of the jejunoileum in any region. However, the durations of the individual phases of the MMC did show some minor differences in various regions. The velocity of migration of phase III in jejunum and ileum also did not differ before and after neural isolation of the jejunoileum.
To further characterize coordination between duodenal and jejunoileal MMCs, Figure 2 shows the individual lag times between the onset of duodenal and the closest jejunal phase III and between the onset of ileal and the closest duodenal phase III. In neurally intact dogs, jejunal phase IIIs all occurred after the onset of duodenal phase III (positive values for lag time), and the individual lag times for each dog were closely grouped. In contrast, after neural isolation of the jejunoileum, lag times were equally dispersed as positive and negative values, and the close groupings of individual values within each dog were lost. Similarly, when the lag times between onset of ileal phase IIIs and the closest duodenal phase III were examined, although the values were less closely grouped than for the temporal relationship between duodenal and jejunal phase IIIs, nevertheless the neurally intact dogs had much closer groupings within each dog compared to the very wide variations after neural isolation of the jejunoileum, again signifying temporal discoordination.
Characteristics of ileal phase III were quantitated sepa- after neural isolation of the jejunoileum (Fig. 3) , the occurrence of GMCs was markedly increased after jejunoileal neural isolation from 8 events per 37 hours of recording (0.2 events per hour) to 51 events per 66 hours of recording (0.8 events per hour; P Ͻ .05). In addition, the most proximal site of origin shifted proximally; before neural isolation of the jejunoileum, only 15% of GMCs originated in the jejunum, while after neural isolation, 41% originated in the jejunum (P ϭ .07). The velocity of migration did not differ in the jejunum or ileum after neural isolation. DCCs also occurred spontaneously (see Fig. 3 ). In contrast to GMCs, the number of DCCs (0.7 vs. 0.7 events per hour), their velocity of migration (5 Ϯ 1 vs. 7 Ϯ 1 cm/min), and the most proximal site of origin (data not shown) did not differ after neural isolation of the jejunoileum.
SCFA infusions, but not placebo, induced GMCs and DCCs in both groups originating at the site of injection (Fig.   4 ). Neither the frequency of GMCs or of DCCs nor the velocity of migration differed before and after neural isolation of the jejunoileum ( Table 2 ).
In the neurally intact dogs, both the 50-g and 200-g liver meals inhibited the presence of the MMC, established a pattern of noncyclic intermittent contractions, and delayed the onset of the next ileal phase III to 230 Ϯ 34 minutes and 258 Ϯ 20 minutes, respectively, which were both greater (P Ͻ .05) than the normal cycle duration of the fasting MMC (113 Ϯ 5 minutes). In contrast, after neural isolation of the jejunoileum, although the larger 200-g meal did inhibit the presence of the ileal MMC and delayed return of the next ileal MMC from the normal cycle duration of 143 Ϯ 17 minutes to 225 Ϯ 23 minutes (P Ͻ .05), the 50-g meal did not inhibit the jejunoileal MMC nor alter the ileal motor pattern, and the next phase III occurred within 143 Ϯ 5 minutes (P ϭ NS). In the neurally intact Ileal Motor Activity After Autotransplantation dogs, the return of the first MMC after both the 50-g and 200-g meal occurred in the duodenum and not in the jejunum or ileum. After neural isolation of the jejunoileum, return of the MMC always began in the most proximal jejunal manometric site and not ectopically in distal jejunal or ileal sites.
DISCUSSION
Our study showed that disruption of extrinsic and intrinsic neural continuity to the dog jejunoileum, as would occur after SBT, did not alter the presence or characteristics of fasting ileal motility but did disrupt the temporal regional coordination of duodenal and ileal motor patterns and in part the migration of phase III from the jejunum to the ileum. Moreover, the unique ileal motor patterns of GMCs and DCCs persisted after in situ neural isolation of the jejunoileum, but the incidence of ileal GMCs increased after denervation. In addition, the postprandial motor inhibition of the characteristic cyclic fasting motility after in situ neural isolation was disrupted by large meals but not by small meals. While the overall ileal motor patterns persisted, the regional discoordination and the increase in the propulsive GMCs (which cause very fast transit) may have significant effects on enteric function after SBT.
As SBT is rapidly becoming an accepted therapy, 1-3 our need to understand how intestinal transplantation affects enteric function becomes more important. Knowledge of expected enteric dysfunction may allow initiation of treatment either to prevent or to manage known or expected problems. Much of the previous literature on SBT has concentrated on the immunobiology of SBT; 5 much less work has addressed directly the acute and chronic effects on motility of the extrinsic denervation, disruption of enteric (intrinsic) neural continuity of the graft with the native gut, the obligate lymphatic disruption, and ischemia/reperfusion injury necessitated by the transplantation procedure itself, independent of immune phenomena or immunosuppression.
Only one group in addition to our laboratory has studied the in vivo effects on ileal motility of models of small bowel autotransplantation, thereby avoiding any confounding factors related to immune phenomena. 16 Our previous work has addressed the effects of denervating various segments of the gut primarily on proximal small bowel motility. [5] [6] [7] [8] [9] We have shown that the characteristic fasting motor pattern, the MMC, persists in the autotransplanted jejunum and, at least for the first 6 to 12 weeks, cycled independently in time from the gastroduodenal MMC. 6 In addition, the jejunal MMC was not responsive to the putative regulatory peptide motilin, which appears to help regulate the onset and temporal coordination of the gastroduodenal MMC. The findings in the distal small bowel in our current study confirm many of our previous findings in the neurally isolated jejunum. The MMC cycled repetitively in the ileum with a period, the duration of the individual phases of the MMC, and a velocity of migration very similar to the neurally intact dogs; the duration of phase I in the duodenum and jejunum was shorter, probably related to the effects of neural isolation. Indeed, we have demonstrated previously that after simple vagotomy the duration of phase I was shorter and the duration of phase II was longer. 16 However, a major difference was that the ileal MMC cycled temporally independently from the MMC in the duodenum. This observation was not overly surprising, because the ileum maintained enteric (intrinsic) neural continuity with the jejunum, which we showed both in the current experiment and previously 7 to cycle independently from the duodenum. This enteric neural continuity is believed to regulate the temporal coordination and migration of the MMC along the small bowel. 17, 18 What was surprising, however, was the observation that only 74 Ϯ 6% of the jejunal MMCs migrated all the way to the distal ileum, while in the neurally intact dog, all jejunal MMCs migrated through the entire small bowel. Our other studies of the neurally isolated entire upper gut (stomach, duodenum, jejunoileum, pancreas, liver) did not show this finding, 19, 20 suggesting that selective neural isolation of the jejunoileum may alter some control of migration of the MMC from the jejunum to the distal ileum.
Also evident was the lack of a close temporal coordination with the onset of the next duodenal MMC (defined by the start of a phase III) as the MMC reached the distal ileum. While this ileoduodenal temporal coordination is not as tight as between the duodenum and the jejunum even in neurally intact dogs (see Fig. 2 ), the dogs after neural isolation of the ileum showed no coordination, again suggesting an independent cycling of the ileal and duodenal MMCs.
We were especially interested in the unique local motor patterns of the ileum, which appear to regulate delivery of ileal content into the proximal colon. Both GMCs and DCCs are coordinated peristaltic contractions that are well described in the ileum; 12, 14, 15, 21, 22 by their highly propulsive nature, they are believed to be important in delivering distal ileal chyme into the proximal colon and in clearing colonic content refluxed into the ileum back into the proximal colon. 10 SCFAs that reside largely in the colon, when present in the ileum, stimulate these unique ileal motor patterns. 12, 23 After in situ neural isolation of the entire jejunoileum, these unique motor patterns persisted, implying that they are not mediated by extrinsic neural mechanisms. Quigley et al. 17 also noted myoelectric patterns resembling GMCs and DCCs after autotransplantation of the jejunoileum in dogs. Indeed, in our study GMCs but not DCCs were more frequent in the denervated ileum and originated more proximally in the small bowel, suggesting that either extrinsic innervation or continuity of enteric (intrinsic) myoneural continuity of the jejunoileum with the duodenum served to suppress GMC activity and allow a more proximal origin of the GMCs. In addition, the ability of SCFA to induce GMCs and DCCs in the neurally isolated ileum also suggests that extrinsic neural innervation is not necessary for this response. Potentially important implications from our findings are that the increased presence of these highly propulsive GMCs after neural isolation of the ileum and their more proximal origin in the jejunum may play a role in the diarrhea noted in the dogs after models of jejunoileal autotransplantation. 6, 7, 24 Finally, we also noted a change in the postprandial motor response to feeding. Large but not small meals (200 g liver vs. 50 g liver) were able to abolish the fasting MMC and establish a pattern of noncyclic contractions after jejunoileal denervation. Similar findings were evident in work by ourselves 7 and Quigley et al. 17 This observation may also be important because we have shown previously that net absorption is increased during a postprandial motor pattern and intestinal transit is slowed. 25 The inability of the denervated gut to assume a postprandial pattern of contractile activity may contribute to the decrease in net absorption of water and electrolytes in the denervated jejunum and ileum 26, 27 and may also promote the diarrhea noted in these dogs.
In summary, disruption of extrinsic and intrinsic neural continuity did not alter the presence or characteristics of the fasting ileal MMCs but did disrupt regional coordination with duodenal motor activity. Neural isolation of the jejunoileum leads to increased GMCs but not DCCs. SCFAinduced GMCs and DCCs do not require extrinsic innervation, but extrinsic innervation may mediate the presence and site of origin of GMCs. Postprandial inhibition of the ileal MMCs was altered after the small meals. Alteration of regional temporal coordination of small bowel motor activity after SBT may have significant effects on enteric function. These types of region-specific alterations in motor function may have important implications in segmental intestinal transplantation, especially living related segmen-tal transplantation. 2 Extrinsic and/or intrinsic neural mechanisms mediate temporal coordination but not the presence of MMC or unique ileal motor patterns.
